Knowledge regarding the formation of an enzyme-substrate complex between -myosin and adenosinetriphosphate4 has implications beyond its relation to formal enzyme kinetics. It has been concluded that during its transient combination with ATP, the myosin molecule undergoes some change, which in the case of actomyosin solutions expresses itself in a reduction of the viscosity and turbidity. '-6 In actomyosin gels or in organized fiber systems, this same binding of ATP may be crucial in the energetics of contraction.2 3' I Indeed, the quantitative aspects of the turbidimetric change in actomyosin induced by stoichiometric amounts of ATP maintained by a rephosphorylating enzyme system8 can be treated from the point of view of a reversible binding of ATP to myosin.9 It is true, however, that the experimental study of such problems has remained restricted to indirect findings regarding the ATP binding, derived from the magnitude of the associated secondary effects, and that these may be complicated by the energetics of the dissociation of the actomyosin in addition to that of the ATP-myosin complex itself.10
Incubation mixture: The constituents of the reaction mixture depended on the nature of the experiments but, unless indicated otherwise, had the following composition. A medium was prepared by mixing 20 ml 0.2 M Na2HAsO4, 10 ml 0.2 M MgSO4, and 50 ml 0.5 M Na2SO4, and adjusted to pH 7.0 or 7.6 with H2SO4. In this mixture, 1 to 5 (usually 2.5) mg CPase were dissolved per ml. In a 2-ml micrometer syringe with a 4-inch 18-gauge needle, 0.78 ml of medium containing CPase was aspirated, followed by 0.02 ml of 0.05 M CP, 0.08 ml of FF and 0.02 ml of ATP solution of a given concentration in this sequence. There was no reaction at this point, since the ATP remaining located in the needle was not mixed with the other reactants, notably the Mg. Then the contents were suddenly dispensed into the cuvette of the apparatus (see below) giving a rapid light flash, followed by a steady level of light production, declining only slowly in the course of many minutes. After a standard time, 0.10 ml of 0.3 M Na2SO4, 0.01 M Tris pH 7.0 was added (in lieu of myosin, see below) by rapid ejection from a 0.25 ml syringe, which reduced the light because of dilution. A calibration curve for the dependence of the light intensity upon the free ATP concentration was made, after Na2SO4 had been added. This curve was linear below a final ATP concentration of 5 X 10-6 M, while a progressive curvature occurred at higher ATP concentrations. Without CP and CPase or with only one of these components, no luminescence occurred in the absence of added ATP. With CP and CPase present, however, often a small amount of luminescence was found in the absence of added ATP so that the calibration curve did not go through the zero point. By extrapolating the linear part of the calibration curve to the negative side of the ordinate until it intersects the abscissa, the ATP present in the system under these conditions is obtained (maximally 0.6 X 10-6 M). This concentration is added to the concentration of the added ATP. We presume that the effect is caused by the presence of some ADP in the firefly enzyme.
In the experiments proper, 0.10 ml of a myosin solution in 0.3 M Na2SO4, 0.01 M Tris pH 7.0 was added by rapid ejection from a 0.25 ml syringe. The final concentration of the myosin in the total mixture was of the order of 0.1 per cent or 2.4 X 10-6 M, based upon a molecular weight of 420,000. 19, 20 Recording of the light emission: The mixture described above was contained in a tall cuvette of 0.8 X 0.8 X 10.0 cm inside dimensions, placed in a closed aluminum holder facing a photomultiplier cell, and the photocurrent was recorded as described in the Appendix. The micrometer syringes by means of which the additions were made fitted through a light proof seal in the cap of the cuvette holder. Mixing was rapid, occurring in about 0.25 second as judged by the time needed for the light to find its new, reduced, level upon the addition of Na2SO4 in the blank experiments.
Effect of the turbidity of the mixture upon the emitted light: If the light is homogeneously emitted by all parts of the solution in a container of horizontal cross section 1 X 1 cm, each vertical sheet of thickness dl facing the photocell will contribute the amount Idl to the light reaching the detector directly (Fig. 7) . Due to the turbidity t of the medium, the total light so reaching the photocell will not be Il, but a lesser amount obtained as follows:
while the attenuation, defined as 1 -(I'/I) becomes zero for t = 0. When myosin solutions, as customarily used in the experiments after centrifugation for 30 min at 30,000 rpm, were diluted into the reaction mixture, the resulting turbidity in the spectral range of the luminescence reaction was about 0.01, and hence the attenuation was calculated to be 0.5 per cent. (It would be 3.9 per cent for t = 0.1.) Since the distance between photocell and cuvette was 4 times the width of the latter, the pathlength of obliquely traveling light is still closely the same. Somewhat more effect will be exerted upon light traversing the entire cell after reflection by the walls, and the total attenuation may be 0.5 to 1.0 per cent in average cases. This has been neglected in the description of the measurements, since it is considered to be within the limits of error.
Accessory Experiments.-Kinetics of creatine phosphoryltransferase: Since the design of the principal experiments required a knowledge of the Michaelis constant and maximal velocity of CPase, acting as the rephosphorylating enzyme, under the conditions of the experiment, we have determined these quantities with the same general methodology, but for the omission of myosin and the use of 100 times lower CPase concentrations. The reaction mixture therefore consisted of 0.78 ml of medium with 0.025 mg CPase per ml, 0.02 ml of 0.05 M CP, 0.08 ml of FF and 0.02 ml of water. No light is emitted from this mixture. When 0.1 ml of ADP solution is added, luminescence starts and is evaluated in terms of the velocity of ATP formation at different concentrations ( added in a 0.02 ml volume, due to some imperfection in mixing, there was an initial flash, but when added as described, the velocity could be evaluated throughout the entire course. The ADP concentrations in the final mixture were of the order of 10-5 to 10-3 M; the CP concentration was 10-3, as in the major experiments, so that the data obtained apply to the same conditions. In this manner we obtained 7 X 10-4 for the Michaelis constant, and 3.6 X 10-9 moles per ml per sec.
for the maximal velocity (Fig. 2) . The maximum velocity is therefore 100 times higher: i.e., 3.6 X 10-7 moles per ml per sec. at 2.5 mg of CPase per ml of medium competitive inhibitor, the inhibitor constant K, must be in considerable excess over 10-i [when 1 + (10-5/K1) -' 1, then K, > 10-5]. That, accordingly, the binding of ATP to CPase is negligible was shown experimentally by the demonstration that the luminescence in response to ATP is identical in the presence and absence of CPase (provided that the CPase solution is sufficiently clear so that its turbidity does not attenuate the light).
Kinetics of myosin-A TPase: As this will be discussed at length in the following paper, it suffices to state that the drop in light emission upon the addition of myosin in the absence of CP and CPase at different concentrations of ATP has been used to determine the Michaelis constant (1 to 2 X 10-6) and the maximal velocity (6.0 X 10-11 moles per ml per second for 0.1 per cent myosin) in the environment described.
The Binary Enzyme System.-In the principal experiments of this work, we have studied the changes in concentration of free ATP during the approach to a steady state in the two-enzyme system:
wherein the ADP is continually rephosphorylated to ATP in reaction (B) to the extent that it is formed in reaction (A) (compare Mommaerts and Hanson8) . ¶ We shall make use of the simplification that in reaction B, CP is present in such excess (in proportion to the velocity of its breakdown, as limited by the low velocity of reaction A), that during the time of observation the CPase remains saturated with CP to a constant degree, so that only its dependence upon the ADP concentration needs to be considered.
The following notations will be used: A, B: the total molar concentrations of myosin and CPase, respectively. kA, kB: the breakdown constants, commonly called k3 (or sometimes k2), for these enzymes; hence, kA A and kB B represent the maximal velocities, commonly called Vm, for these enzymes.
KA, KB: the Michaelis constants, (k2 + k3)/k1, or (k-I + k2)ki for these enzymes. a, b: the concentrations of free ATP and free ADP, respectively. aA*, bA*: the concentrations of ATP and ADP, respectively, bound to myosin. aB*, bB*: the concentrations of ATP and ADP, respectively, bound to CPase. a: the total ATP concentration added. Hence: a = a + b + aA* + bA* + aB* + bB* Negligible quantities: Not all the components contributing to a in the last formulation are preponderant, and we shall show that the following can be neglected. bA*. While ADP acts as a competitive inhibitor for myosin, it does so largely by virtue of its Ca-binding power; its actual affinity toward myosin is quite small. of K -10KA,22 that bA*~0.1 b as A KA in our experiments, and is, therefore, a negligible second order quantity. aB*. As has been indicated under the heading "kinetics of creatine phosphoryltransferase," this quantity is likewise negligible. Also, this conclusion can be arrived at by calculation. As aB* = (B -b*) a/K, when a << KI, K1 > Kb ( = 7 X 10-4), and B = 24 X 10-6 M, (for 2 mg per ml; mol. wt. = 80,000 according to Kuby, Noda and Lardy16), aB* < 0.03a. bB*. Since this is equal to Bb/(KB + b), and since B = 24.10 6, and KB = 7.10-4, bB* = 0.03 b, and is a negligible second order quantity.
The steady state: It results from the foregoing section that a = a + b + aA* while the determination of aA* is the purpose of the investigation. This is a considerable part of a since aA* = Aa/(KA + a), and A is of the order of KA. Since a is set by the experimenter and measured from the blank calibration curve, and a is indicated by the measurement, it remains to examine b. In Figure 4 , the experimentally obtained binding curve has been corrected for incomplete maintenance of the free ATP concentration by calculating b according to Table I , taking into account the higher myosin concentration, 0.166 per cent, in this particular experiment. The final level of the ATP binding at saturation was determined accurately from a plot of aA*/a versus aA*. 24 The maximal value, n, of aA* found by extrapolation to the abscissa, corresponded to a combination of 1 mole of ATP with 1 mole of myosin, with an error of a few per cent (Fig. 5) . From the same data, by extrapolation to the ordinate, KA was found to be 1. 6 Figure 4 , and therefore, corrected for the effect of the tration. It was found desirable, b factor, as indicated in the legend to Fig. 4 . The however to examine experimentally line is straight, as required by theory, and it interw cepts with the abscissa and the ordinate, respectively, whether any part of the effects yield the maximum binding value n, and n/KA-In could have resulted from that conthis experiment the myosin concentration was 3.96 X 10-fi, and n is found to be 4.02 X 10-6. tingency, by testing whether myosin can bind luciferin.
The luciferin used for that purpose was prepared25 by extraction of dried firefly lanterns with water for 10 min at 80'C, acidification to pH 3.5, extraction into ethylacetate, vacuum evaporation of the solvent, and dissolution of the residue in water at pH 7.0. The product was characterized by its fluorescence at pH 6.5 and 11.9.21 It was established that in our FF preparations the luminescent intensity was only weakly enhanced by adding luciferin to double or triple the original concentration, as determined by fluorescence measurement, so that sizeable degrees of binding would be required to give effects comparable to those observed.
The possible binding of luciferin was investigated by incubating luciferin or FF with myosin, precipitation of the latter by dilution, and removal by centrifugation.
Luciferin was determined in the supernatant solution by its fluorescence, and was found to be undiminished. Also, a luciferin solution of a concentration as found in FF was added (0.4 ml) to 10 ml or 0.1 per cent myosin in the usual medium, and 5 ml of this was dialyzed against 5 ml of water for 48 hr. In that timne, dialysis had come to equilibrium as judged from a similar experiment without myosin, and also in the myosin experiment the inside and outside luciferin concentrations, determined fluorometrically, were identical within the limits of error. No evidence was, therefore, obtained of any binding of luciferin by myosin. Hence, the phenomena under investigation were neither wholly, nor partly, due to such binding. Discussion.
-The results communicated in this paper provide a direct determination of the stoichiometric ratio in which ATP and myosin combine. Earlier estimations of this proportion by authors mentioned in the introduction were all of a preliminary nature and tended to give too low a value for the myosin equivalent, partly due to ATP hydrolysis (even in the experiments with rapid recording techniques by Tonomura et al.6 which otherwise constituted a greatly improved approach to the problem), partly because there was no way to distinguish between free and total ATP. Previously8' 9on the basis of measurements in a binary enzyme system, we have found that 1 mole of ATP interacts with 504,000 grams of actomyosin, which presumably contained 400,000 to 450,000 grams of myosin, and recently Tonomura and Morita26 came to a similar value by an extrapolation procedure. Now, the reaction with one mole of pure myosin has been directly observed.
The direct demonstration that 1 mole of ATP reacts with about 420,000 grams of myosin is in excellent accord with the currently accepted value of the molecular weight of this protein. The finding of one enzymatic site per myosin molecule agrees with Gergely's result that myosin binds 1 mole of pyrophosphate27 (but see Tonomura and Morita26 for a deviating report), and is in line with the situation in several other enzymes, such as chymotrypsin and trypsin (quoted by Dixon and Webb28), enolase29 and acyldehydrogenase.30 It also invites a comparison with the univalent interaction between ATP and G-actin. 31 The direct demonstration of ATP binding by pure myosin gives rise to several further comments. In work on the ATP effect upon actomyosin, it had not been rigorously excluded that actin rather than myosin might have been the recipient protein. 32 This decision has now been brought, and is furthermore in accord with the finding,33 that F-actin acts as a competitive inhibitor for myosin-ATPase. More explicitly than in the work on ATP effects upon actomyosin, the present measurements would also detect any binding of ATP by myosin on sites not enzymatically active or not involved in the interaction with actin. Therefore, our result is unfavorable to the assumption by Morales7'34 that myosin is multivalent for ATP and, upon combination with a number of ATP molecules, acquires a considerable diffusely distributed negative charge, leading to extension or to contraction. This difficulty has, meanwhile, been recognized by Morales35 as well. We cannot rigorously exclude that additional ATP-binding at nonenzymatic sites might occur at much higher concentrations, but this would then imply that those complexes would have a much higher dissociation constant.
Kinetic aspects of the myosin-ATP combination will be discussed in the subsequent paper.'3 PROC. N. A. S. The photometer is of a type similar to commercially available instruments such as the Photovolt. It consists of a self-contained high voltage power supply for the 1P21 photomultiplier and a direct-coupled amplifier capable of driving a 0-200 MA meter and a chart recorder (Fig. 6) . The gain of the amplifier is adjustable in accurate decade steps with a maximum sensitivity of 10-9 amp full scale which corresponds to approximately 10-12 lumens. Although the 1P21 was selected from a large number for maximum sensitivity and minimum noise, during operation at 250C. the noise was -still sufficient to require some reduction in the bandwidth of the amplifier. This was .
accomplished by placing a capacitor in AB C shunt with the microammeter. The photometer head (Fig. 7) was built largely from available parts resulting in a relatively inefficient optical system. This Summary.-A methodology has been developed by which the concentration of ATP in a reaction system is continuously measured by recording the light emitted by the firefly luciferase-luciferin system. When in such a system, also containing phosphocreatine and creatine kinase, myosin is introduced, the decrease in luminescence is due to the binding of ATP by myosin, since the system could be so designed that all other factors were negligible.
The enzyme-substrate binding takes place in a one to one molar ratio. 31, 361 (1948) .
In the preceding paper,' we have indicated how in a multienzyme system consisting of firefly luciferase and luciferin, creatine phosphoryltransferase, phosphoryl creatine and adenosinetriphosphate,t it is possible to determine the binding of ATP which ensues upon the addition of myosin to the system. It was demonstrated that one molecule of myosin binds one molecule of ATP. In the present work, we have applied the same methodology to the study of additional kinetic properties of the system, namely the formation constant ki of the enzyme-substrate complex, and, in the absence of a rephosphorylating enzyme, the Michaelis constant KA and the decomposition constant k3. The determination of KA and k3 is always possible by conventional enzyme kinetic approaches; the direct determination of KA from a binding curve, as mentioned in the previous article, and the determination of ki as presented here, are possible only under special circumstances such as those provided by our methodology. The results will, among others, permit an interpretation of the nature of KA, which in turn has a bearing upon some aspects of the theory of muscle contraction.
Methods.-All the methods employed were the same as those described in the preceding paper.' When the various constants were to be interrelated, they were
